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Introduction
Clostridium difficile infection (CDI) is the leading cause of healthcare associated diarrhea, presenting a significant burden to global healthcare systems [1] . In recent years, there has been an increase of incidence and severity of CDI in North America and Europe. Rates of communityacquired CDI have also increased and community-associated CDI is estimated to be responsible for more than one third of all CDI cases [2, 3] . The main problem in CDI is symptomatic relapse after antimicrobial therapy completion. Moreover, the risk of recurrent CDI is increased in patients who have already had one recurrence, rising from 25% after an initial episode to 45% after a first recurrence and to 65% after two recurrences [4] . Recurrent CDI is associated with a diminished quality of life and increased morbidity. In addition, recurrent CDI also increases the risk of person-to-person transmission [4] . A recent study focusing on the economic consequences of recurrent CDI compared to patients with CDI who did not experience a recurrence showed that there were substantially higher pharmacological and hospitalization costs among the patients with recurrent CDI [5] .
Treatment of multiple recurrent CDI remains challenging. In 2014, the European Society of Clinical Microbiology and Infectious Diseases (ESCMID) provided an overview of currently available CDI treatments [6] . Vancomycin use is recommended for treatment of multiple recurrent CDI, administered as a pulsed or tapered regimen. Fidaxomicin is also recommended for the treatment of multiple recurrent CDI. Nevertheless, both of these drugs are moderately supported by the ESCMID guideline (grade B-II). Fecal microbiota transplantation (FMT) consists of transplanting a fecal suspension from a healthy donor into a patient's gastrointestinal tract through duodenal infusion, enema, or colonoscopy. FMT has been a successful therapeutic approach to recurrent CDI in numerous case series and in two randomized clinical trials [7, 8] . The ESCMID endorses FMT as first-line therapy for patients who have had three or more CDI episodes with a strong recommendation (grade A-1).
Economic analyses compare different treatments in terms of clinical outcomes and costs [9] . To date, published cost-effectiveness analyses of CDI involving FMT have been performed in the USA and in Canada using cost data that may not apply to European countries [10] [11] [12] [13] [14] [15] . The aim of this study was to analyze the cost-effectiveness of 5 strategies constructed from the ESCMID guideline for the management of multiple recurrence of CDI in adults where the first-line treatments were pulsed-tapered vancomycin, fidaxomicin, FMT via colonoscopy, FMT via duodenal infusion, and FMT via enema.
Methods

Model structure
We conducted a decision-analytic model comparing 5 strategies for the management of second recurrence of CDI according to the ESCMID guideline (Fig 1) . All analyses were performed using the TreePlan add-in (Decision Toolworks, San Francisco, USA) for Excel 2010 (Microsoft Corporation, USA) and PopTools [16] . Our model was based, in part, on previously published decision analytic models that investigated the potential value of FMT for CDI and cost-effectiveness analyses evaluating fidaxomicin versus vancomycin in CDI [10, [12] [13] [14] [15] [17] [18] [19] [20] .
As defined in European guidelines, we considered recurrent CDI to be an episode occurring within 8 weeks after the onset of a previous episode that resolved after completion of the initial treatment [6] . Multiple recurrences were defined as more than two recurrences (i.e. more than 3 episodes). Treatment failure was defined as a need for further CDI therapy.
The patient modeled in the study was an adult experiencing a second recurrence (i.e. third occurrence) of mild-to-moderate CDI diagnosed at an outpatient visit (Fig A-E in S1 File) . Following European guidelines, the first-line therapies for the strategies were pulsed-tapered vancomycin, fidaxomicin, FMT via colonoscopy, FMT via duodenal infusion, and FMT via enema [6] . Following treatment, patients were considered cured or treatment failures. Patients who failed treatment either had mild-to-moderate CDI, severe uncomplicated CDI, or severe complicated CDI. It was assumed that one medical consultation was required for each patient with CDI and that severe CDI required hospitalization. Patients initially cured could develop a recurrence of mild-to-moderate CDI, severe uncomplicated CDI, or severe complicated CDI. On the basis of published data, we assumed that recurrence appeared 10 days after treatment by pulsed-tapered vancomycin, 31 days after treatment by fidaxomicin, and 32 days after treatment by FMT [7, 8, [21] [22] [23] [24] [25] [26] . To evaluate each treatment separately, we assumed that patients who failed therapy and patients who had a relapse were treated with the same treatment as their previous episode if they had mild-to-moderate CDI or severe uncomplicated CDI. Patients with severe complicated CDI received oral vancomycin plus intravenous metronidazole, as recommended in European guidelines [6] . Following treatment, they could be either cured or treatment failures requiring colectomy. We considered the possibility of adverse events and death from FMT via colonoscopy and FMT via duodenal infusion. Adverse events and death from FMT via colonoscopy were assumed to be equivalent to those of a colonoscopy procedure [27] [28] [29] [30] . Similarly, due to a lack of current data, adverse events and death from FMT via duodenal infusion were assumed to be equivalent to adverse events and death from upper gastrointestinal endoscopy [31] . We assumed that adverse events lasted one day. Adverse effects of vancomycin, fidaxomicin and FMT via enema were assumed to be negligible and were not included in the model [32, 33] .
The analysis was performed from a societal perspective. The time horizon was 78 days. This duration was determined based on the duration of adverse events, the duration of initial therapy for the relapse, the expected time to relapse, and the duration of treatment for another relapse. This time horizon was chosen to put all the treatment strategies on an equal footing for the evaluation. At the end of the 78 days, patients could be in one of 5 health conditions: healthy, mild-to-moderate CDI, severe uncomplicated CDI, postcolectomy, and death. According to Van Nood et al.'s protocol, FMT treatment included a 4-day course of oral vancomycin [7] , one day of transplant delivery and 2 days to resolution of symptoms. Dose and duration of all treatments are detailed in Table 1 and are consistent with published guidelines.
Model input parameters
Inputs for effectiveness data, costs, and utilities were pooled from published sources, which included clinical studies and systematic reviews. Additional input was sought from clinical experts for parameters for which data were limited, i.e. treatment pathway. Clinical experts were employees of the Lille University Hospital. All model variables are reported in Table 1 .
Probabilities. We selected reports of treatments used to treat patients with multiple recurrent CDI (i.e. more than 2 episodes) from published sources. We used the protocol of pulsedtapered vancomycin used in the only randomized controlled trial evaluating pulsed-tapered vancomycin published to date to define vancomycin cure and recurrence rates [8] . For treatment by fidaxomicin, reports were case series and retrospective cohort studies. We did not include randomized controlled trials evaluating the efficacy of fidaxomicin as patients with more than one occurrence of CDI within 3 months before the start of the trials were excluded from these studies [34, 35] . For FMT, published studies including 2 randomized controlled trials were used [7, 8] . We used cure rates of second-time FMT administration based on published studies. Because no data were available to define vancomycin and intravenous metronidazole cure, we used the probability of having a colectomy to define oral vancomycin plus intravenous metronidazole failure [36, 37] . Incidence rates of severe CDI reported in the literature are often based on different definitions. We used the definition of severe CDI reported in European guidelines to define the probability of having severe uncomplicated CDI and severe complicated CDI [6] . Probability that a non-severe CDI was treated in hospital was assumed to be zero (infectious diseases physician input). Due to a paucity of data from published sources, it was assumed that treatments had the same probabilities of cure for mild and severe uncomplicated CDI.
Costs. All cost inputs are presented in 2016 Euro (€). Medication costs were obtained from prices negotiated by the largest central purchasing unit in the French public hospital sector. The cost of treatment with FMT included a single fecal transplantation procedure. Donor testing prior to FMT included routine laboratory screening, stool testing, and serologic testing. Costs of materials and technical time for stool transplant preparation and traceability of samples were provided by the department of Pharmacy of Lille University Hospital. Personnel costs were obtained using annual wage data reported by the French National Institute for Statistics and Economic Studies (INSEE) [42] . These costs were adjusted using the coefficient for calculating the total wage cost for each personnel category provided by the DGOS [43] .
The cost of a colonoscopy procedure was provided by Lille University Hospital, according to their protocol. Cost of FMT via duodenal infusion included chest or abdominal radiograph to confirm correct placement of nasoduodenal tube. Cost of FMT via enema included the enema kit and the cost of the nurse performing the procedure. Cost of bowel preparation was included to all patients undergoing FMT, regardless of mode of delivery [44] . The cost of one outpatient visit was included in each treatment strategy. Cost of FMT included the procedure for donation. This included an outpatient visit for assessment of donor, an outpatient visit on the day of donation, a hospital letter to general practitioner, and a venipuncture for blood screening. FMT strategies also included two follow-up outpatient visits for recipients. Costs of visits for donors and recipients in FMT strategies were obtained from the French General Inspectorate of Social Affairs (IGAS) [45] . Hospital admission costs were obtained from the French National Costs Study (ENC) 2013 using the diagnostic related group "Severe digestive system diseases" [46] .
Utilities. Given that utilities for patients with CDI are not currently available in the literature, we derived our quality-of-life estimate for CDI from utility of non-infectious diarrhea using European Quality of Life-5 Dimensions (EQ-5D) questionnaires [47, 48] . Patients who were cured by pulsed-tapered vancomycin and fidaxomicin were assumed to spend 10 days in a state of mild-to-moderate or severe disease, and the subsequent duration of treatment in the healthy state, whereas patients who were cured by FMT were assumed to spend 7 days in disease state, i.e. the duration of treatment by FMT. Patients who were treatment failures remained in the initial disease state through the course of treatment. 
Analysis
Parameters were assumed to be independent. In addition to base case analysis, deterministic univariate sensitivity analyses were performed to investigate the impact of model uncertainties and robustness of our analysis. As FMT costs were based on standard costs in one hospital, ranges for these costs were not available. To account for uncertainty regarding these costs, a threshold analysis was performed to determine the variation in common costs of FMT that would change the strategies lying on the efficiency frontier. In addition, because of the current debate regarding the superiority of the upper gastrointestinal route [74] [75] [76] , we examined a scenario where cure and recurrence rates of FMT via duodenal infusion were the same as the ones of FMT via colonoscopy.
Finally, we conducted a probabilistic sensitivity analysis using 10,000 Monte Carlo simulations to simultaneously assess the effect of uncertainty in all parameters on model conclusions. Parameters used in sensitivity analyses appear in Table 1 .
Model outcome
The model outcome was the incremental cost-effectiveness ratio (ICER) expressed as cost per quality-adjusted life year (QALY) among the 5 strategies. No threshold is defined by French Health Authorities. Following the WHO's Commission on Macroeconomics and Health [77] , the GDP per capita (€32,000 in 2015 [78] ) was used for interpreting the ICER. QALYs were obtained by multiplying the utility weight of a state by the time spent in that state. The study was designed, conducted, and reported in accordance with the Consolidated Health Economic Evaluation Reporting Standards (CHEERS) statement [79] .
Results
Base case analysis
Base case analysis, using the mean value of each parameter, showed that FMT via enema was costlier and more effective than pulsed-tapered vancomycin, yielding an ICER of €18,092/ QALY (Table 2 ). FMT via colonoscopy was costlier and more effective than FMT via enema, yielding an ICER of €73,653/QALY. Fidaxomicin and FMT via duodenal infusion were dominated by FMT via colonoscopy and FMT via enema: they were both more expensive and less effective than FMT via colonoscopy and FMT via enema.
Sensitivity analyses
Deterministic sensitivity analyses were used to explore the potential impact of six factors on the base case results: probabilities of cure and probability of relapse of vancomycin, probability of cure of FMT via enema, cost of severe CDI, and utilities of mild and severe CDI. Probability of cure and of relapse of pulsed-tapered vancomycin and probability of cure of FMT via enema, and to a lesser extent cost of severe CDI and utility of mild CDI, had an influence on the model (Fig 2) . The model was sensitive to variation in probability of cure of FMT via enema. Indeed, varying this parameter within its stated range led to a change of sign in the ICER when considering FMT via enema versus FMT via colonoscopy: FMT via enema became either less effective and costlier that FMT via colonoscopy, or more effective and less costly than FMT via colonoscopy. In addition, a threshold analysis was performed to find the variation in common costs of FMT that would change the strategies lying on the efficiency frontier. When common costs of FMT were increased by 81% of the baseline estimate, fidaxomicin (€2464, 0.199 QALY) was on the efficiency frontier, with an ICER of €69,890/QALY compared with pulsed-tapered vancomycin (€1235, 0.181 QALY), and FMT via enema (€2690, 0.202 QALY), compared with fidaxomicin, had an ICER of €72,212/QALY.
When considering a scenario where cure and recurrence rates of FMT via duodenal infusion were the same as the ones of FMT via colonoscopy, FMT via duodenal infusion (€1581, 0.2048 QALY) was on the efficiency frontier, with an ICER of €14,678/QALY compared with pulsed-tapered vancomycin, and both other routes of FMT administration were dominated.
Probabilistic sensitivity analysis with 10,000 Monte Carlo simulations demonstrated that FMT via enema was the most cost-effective strategy in 58% of simulations and FMT via colonoscopy was favored in 19% at a willingness-to-pay threshold of €32,000/QALY. The costeffectiveness acceptability curve displayed in Fig 3 shows the proportion of the time each treatment was cost-effective at various willingness-to-pay thresholds. 
Discussion
Our decision model indicated that the current standard approach using pulsed-tapered vancomycin is less costly than FMT, but FMT is more effective regardless of mode of delivery. The extra cost associated with FMT via enema for this increased effectiveness compared with vancomycin was €18,092/QALY. Thus, FMT via enema appears to be the most cost-effective strategy at a willingness-to-pay threshold of €32,000/QALY. The base case analysis showed that FMT via duodenal infusion and fidaxomicin were dominated by FMT via colonoscopy and FMT via enema. Fidaxomicin was on the efficiency frontier if common costs of FMT increased by 81%. However, such an increase in FMT costs is unlikely to occur.
Similar results have been demonstrated by other economic analyses evaluating FMT for treatment of recurrent CDI [10, 14, 15] . A cost-effectiveness analysis of strategies for treatment of recurrent CDI performed from a societal perspective in the USA concluded that FMT via colonoscopy was cost-effective with an ICER of $17,016 compared with vancomycin at a willingness-to-pay threshold of $50,000/QALY [10] . A recent study performed in Canada compared 6 strategies to treat recurrent CDI using the perspective of the Ontario Ministry of Health and Long-Term Care. The authors concluded that FMT via colonoscopy dominated all other strategies in the base case at a willingness-to-pay threshold of $50,000/QALY [15] . However, route of FMT often depends on the delivery method which is considered the safest for the patient [8] . Therefore, it appeared important to incorporate adverse events from colonoscopy and upper gastrointestinal endoscopy in our analysis. Our model also accounted for the utilities weights of these adverse events and for their respective associated costs. Another study by Varier et al. compared vancomycin with FMT for recurrent CDI from a third-party payer perspective using U.S. data. Even though the authors accounted for adverse events of colonoscopy, they found that FMT administered via colonoscopy was both less costly and more effective than prolonged oral vancomycin taper at all willingness-to-pay thresholds based on the probabilistic sensitivity analysis [14] .
To our knowledge, this study is the first cost-effectiveness analysis investigating the use of treatment strategies including FMT for the treatment of second recurrence of communityonset CDI in France. Our analysis contains several limitations. First, we assumed that patients entering the model received outpatient treatment and we did not incorporate hospitalizations. However, it should be noted that patients with multiple comorbidities can be hospitalized for moderate CDI or can develop CDI while hospitalized, which was not captured by our model. Second, our conclusions are limited by the quality of the studies included. The lack of a standardized protocol for FMT administration leads to difficulties in comparison of efficacy across studies. For instance, we included studies which used less than 50 g of stool, although it is recommended that a large volume of stool be attempted [80] . This may have overestimated the recurrence rates of treatment with FMT. Third, we did not have a range for the majority of the costs included as these costs are not currently available at a national level and may also vary throughout countries. The Fidaxomicin/Vancomycin cost ratio is very high in our study compared to other cost-effectiveness studies, especially in those conducted in the USA [10, 12] . Additionally, because only one study has stratified FMT results to Clostridium difficile ribotype 027 strain, we did not account for potential differences in treatment efficacy between NAP1/BI/027 and non-NAP1/BI/027 strains [56] .
We could have added in our model a treatment by FMT as an alternative to colectomy for patients with severe complicated CDI, as it has been shown that FMT was also effective for these patients [81] . However, as this alternative is not mentioned in current guidelines, we did not consider it in our model. It should be noted that fidaxomicin could also be considered for treatment before FMT instead of vancomycin, although it would increase costs of FMT strategies. Indeed, fidaxomicin causes less disruption of the anaerobic microbiota than vancomycin, within the limitation of the method used to explore the intestinal microbiota [35, 82] . Published studies used for this analysis were limited to immunocompetent patients. However, FMT has been shown to be safe, well tolerated, and effective also in immunocompromised patients [83, 84] . Two recent randomized controlled trials have shown similar cure rates between frozen FMT and fresh FMT in treating recurrent CDI [74, 85] . Using frozen FMT would reduce costs associated with donor screening frequency, provide immediate availability of the FMT, and enable delivery of the treatment to hospitals without on-site laboratory facilities [85] .
In conclusion, this study, performed from a societal perspective, may give insights to healthcare decision makers when considering treatment for second recurrence of communityonset CDI. 
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